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(57) ABSTRACT

This disclosure describes techniques for delivering electrical
stimulation to the brain of a patient at a frequency greater than
a selected frequency. The techniques may reestablish gamma
frequency band activity within the brain of a patient, and thus
improve the patient’s movements and cognitive states. In one
example, the disclosure 1s directed to a method that includes
selecting a frequency within a gamma Ifrequency band and
delivering electrical stimulation at a frequency greater than
the selected frequency.
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ELECTRICAL BRAIN STIMULATION IN
GAMMA BAND

TECHNICAL FIELD

The disclosure relates to medical devices and, more par-
ticularly, to medical devices that deliver electrical stimulation
therapy.

BACKGROUND

Medical devices may be used to treat a variety of medical
conditions. Medical electrical stimulation devices, {for
example, may deliver electrical stimulation therapy to a
patient via mmplanted electrodes. Electrical stimulation
therapy may include stimulation of nerve, muscle, or brain
tissue, or other tissue within a patient. An electrical stimula-
tion device may be fully implanted within the patient. For
example, an electrical stimulation device may include an
implantable electrical stimulation generator and one or more
implantable leads carrying electrodes. Alternatively, the elec-
trical stimulation device may comprise a leadless stimulator.
In some cases, implantable electrodes may be coupled to an
external electrical stimulation generator via one or more per-
cutaneous leads or fully implanted leads.

Patients afflicted with movement disorders or other neuro-
degenerative impairment, whether by disease or trauma, may
experience muscle control and movement problems, such as
rigidity, bradykinesia (1.e., slow physical movement), rhyth-
mic hyperkinesia (e.g., tremor), nonrhythmic hyperkinesia
(e.g., tics) or akinesia (1.e., a loss of physical movement).
Movement disorders may be found 1n patients with Parkin-
son’s disease, multiple sclerosis, and cerebral palsy, among
other conditions. Delivery of electrical stimulation and/or a
fluid (e.g., a pharmaceutical drug) by a medical device to one
or more sites 1n a patient, such as a brain, spinal cord, leg
muscle or arm muscle, in a patient may help alleviate, and 1n
some cases, eliminate symptoms associated with movement
disorders.

SUMMARY

In general, the disclosure 1s directed toward techniques for
delivering electrical stimulation to the brain of a patient at one
or more frequencies at a specified level greater than a selected
frequency 1n the gamma band. The stimulation may include,
for example, pulses or continuous wavelorms with one or
more Irequencies greater than the selected frequency in the
gamma band. In some examples, 11 desired gamma frequency
activity has been modified, disrupted or compromised, the
techniques may reestablish desired gamma frequency band
activity within the brain of a patient, and thereby improve or
maintain the patient’s movements and/or cognitive states.

In one example, the disclosure 1s directed to a method
comprising selecting a frequency within a gamma frequency
band and delivering electrical stimulation at a frequency
greater than the selected frequency.

In another example, the disclosure 1s directed to a device
comprising an implantable housing, one or more leads
coupled to the housing, one or more electrodes carried by the
one or more leads, and a processor configured to select a
frequency within a gamma frequency band and control deliv-
ery of electrical stimulation at a frequency greater than the
selected frequency.

In another example, the disclosure 1s directed to a com-
puter-readable storage medium comprising instructions that,
when executed by a processor, cause the processor to select a
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frequency within a gamma frequency band and control deliv-
ery of electrical stimulation at a frequency greater than the
selected frequency.

In another example, the disclosure 1s directed to a device
comprising means for selecting a frequency within a gamma
frequency band and means for delivering electrical stimula-
tion at a frequency greater than the selected frequency.

The details of one or more aspects of the disclosure are set
forth 1n the accompanying drawings and the description
below. Other features, objects, and advantages will be appar-
ent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s aconceptual diagram illustrating an example deep
brain stimulation (DBS) system that may be used to imple-
ment the techmques of this disclosure.

FIG. 2 1s functional block diagram 1llustrating components
of an example medical device that may be used to implement
the techniques of this disclosure.

FIG. 3 1s a functional block diagram illustrating compo-
nents of an example medical device programmer that may be
used to implement the techniques of this disclosure.

FIG. 4 1s a flow diagram of an example technique for
reestablishing activity within the gamma frequency band of a
patient 1n accordance with the techniques of this disclosure.

FIG. 5 15 a flow diagram of another example technique for
reestablishing activity within the gamma frequency band of a
patient 1n accordance with the techniques of this disclosure.

FIG. 6 1s a graph comparing a selected frequency in the
gamma band and frequencies greater than the selected
gamma band frequency for delivery of stimulation.

DETAILED DESCRIPTION

This disclosure describes techniques for improving
entrainment and synchronization of brain activity. Brain
activity may be recorded, for example, in the form of local
field potential (LFP) and/or electroencephalogram (EEG) or
clectrocorticogram (ECoG) sensed by an implantable or
external medical device. Entrainment generally refers to the
process of using stimul1 to affect brain activity, e.g., oscilla-
tions within a frequency band 1n the brain. Gamma frequency
band oscillations, e.g., ordinarily between about 35 Hertz
(Hz) and about 120 Hz or more, in the central nervous system
(CNS), recorded using LFP and EEG, for example, are asso-
ciated with normal information processing 1n movement and
sensory structures. Beta frequency band oscillations between
about 8 Hz and about 35 Hz, have been associated with
dystunctions of CNS circuits that control behavioral move-
ments and cognitive states. Higher frequency stimulation,
e.g., about 130 Hz, of subcortical brain areas involved with
movement, e.g., subthalamic nucleus, globus pallidus inter-
nus, and ventralis intermedius nucleus of the thalamus, may
reduce behaviors associated with essential tremor and Par-
kinson’s disease such as rigidity, bradykinesia and tremor.

Using the techniques of this disclosure, entrainment or
synchronization of brain LFP or EEG activity may be
improved by delivering electrical stimulation to the brain of a
patient at one or more frequencies at a specified level greater
than a selected frequency in the gamma band. For the pur-
poses of this disclosure entrainment of brain LFP 1s regarded
as a temporal matching between a periodic stimulation and an
endogenous brain oscillation or similar matching between
multiple brain areas. Synchronization 1s regarded as sponta-
neous or induced temporal alignment of brain oscillations.

The stimulation may include, for example, pulses or continu-
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ous wavelorms with one or more frequencies greater than the
selected frequency 1n the gamma band. In some examples, the
gamma band frequency may be selected based on an assump-
tion of a typical gamma band frequency for a human patient,
1.€., a representative gamma band frequency, or based on a
patient-specific gamma band frequency determined for a par-
ticular patient to which the stimulation 1s to be delivered. The
gamma band frequency may be, for example, a gamma band
center frequency, representing a frequency at which gamma
band activity 1s centered.

In one example, stimulation may be delivered by electri-
cally sweeping a frequency, e.g., a pulse frequency, of deliv-
ered electrical stimulation across a range of frequencies, and
monitoring a response of the patient. As an example, sweep-
ing the frequency of the stimulation may be achieved by
decreasing the stimulation frequency from a frequency that 1s
some margin that 1s greater than the patient’s specific gamma
frequency or representative gamma frequency to a frequency
that 1s near the patient’s specific or representative gamma
frequency. In another example, sweeping the frequency of the
stimulation may be achieved by increasing the stimulation
frequency from a frequency that 1s near the patient’s specific
or representative gamma frequency to a frequency that is
some margin that 1s greater than a patient’s specific gamma
frequency or representative gamma frequency. In another
example, stimulation may be delivered at a frequency that 1s
some margin that 1s greater than the patient’s specific gamma
frequency or representative gamma irequency, e.g., 1.05
times to 3 times the patient’s specific gamma frequency. In
cither case, the stimulation may be delivered for a selected
duration, and may have various stimulation parameters
selected to support entrainment and synchronization.

During or after the delivery of the electrical stimulation,
monitoring patient behavior, e.g., movements 1n a medical
device implantation session or a follow-up office visit, or
CNS eflects, e.g., reduction of beta frequency band activity or
recovery of the patient’s specific gamma frequency band
activity, may allow the electrical stimulation delivery device
to cycle delivery of electrical stimulation 1n order to achieve
lower power consumption and improved therapeutic benefit.
Entrainment durations and duty cycles may be timed or
titrated to increase battery life, maintain gamma frequency
band rhythm, reduce beta frequency band rhythm, and/or
improve therapeutic benefit.

The delivered electrical stimulation may be 1n the form of
pulses or a continuous waveform. As such, the frequency of
the delivered electrical stimulation may refer to the frequency
of a pulse or the frequency of a continuous waveform. Stimu-
lation parameters such as voltage or current amplitude, elec-
trode combinations and polarity, and, i1 applicable, pulse
width, may all be adjusted 1n order to provide efficacious
treatment to the patient.

FIG. 11s a conceptual diagram 1llustrating an example deep
brain stimulation (DBS) system that may be used to imple-
ment the techniques of this disclosure. In FIG. 1, example
therapy system 10 may deliver electrical stimulation therapy
to control a patient condition, such as a movement disorder or
a neurodegenerative impairment of patient 12. Patient 12
ordinarily will be a human patient. In some cases, however,
therapy system 10 may be applied to other mammalian or
non-mammalian non-human patients. While movement dis-
orders and neurodegenerative impairment are primarily
referred to 1n this disclosure, 1n other examples, therapy sys-
tem 10 may provide therapy to manage symptoms of other
patient conditions, such as, but not limited to, seizure disor-
ders or psychological disorders.
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A movement disorder or other neurodegenerative impair-
ment may include symptoms such as, for example, muscle
control impairment, motion impairment or other movement
problems, such as rnigidity, bradykinesia, rhythmic hyperki-
nesia, nonrhythmic hyperkinesia, and akinesia. In some
cases, the movement disorder may be a symptom of Parkin-
son’s disease. However, the movement disorder may be
attributable to other patient conditions. Although movement
disorders are primarily referred to throughout the remainder
of the disclosure, the therapy systems and methods described
herein are also useful for controlling symptoms of other con-
ditions, such as neurodegenerative impairment.

In the example of FIG. 1, therapy system 10 includes
medical device programmer 14, implantable medical device
(IMD) 16, lead extension 18, and leads 20A and 20B with
respective sets of electrodes 24, 26. In the example shown 1n
FIG. 1, electrodes 24, 26 of leads 20A, 20B are positioned to
deliver electrical stimulation to a tissue site within brain 28,
such as a deep brain site under the dura mater of brain 28 of
patient 12. In some examples, delivery of stimulation to one
or more regions of brain 28, such as the subthalamic nucleus,
globus pallidus internus or thalamus, may be an effective
treatment to manage movement disorders, such as Parkin-
son’s disease or essential tremor.

IMD 16 includes a therapy module that includes a stimu-
lation generator that generates and delivers electrical stimu-
lation therapy to patient 12 via a subset of electrodes 24, 26 of
leads 20A and 20B, respectively. The subset of electrodes 24,
26 that are used to deliver electrical stimulation to patient 12,
and, 1n some cases, the polarity of the subset of electrodes 24,
26, may be referred to as a stimulation electrode combination.

Using the techniques described in this disclosure, a subset
of electrodes 24, 26 of leads 20A and 20B, respectively, may
be used to deliver electrical stimulation to patient 12 in order
to re-establish, or re-induce, gamma frequency band activity
within brain 28. As mentioned above, gamma frequency band
activity may be facilitative of movement and cognitive states,
while beta frequency band activity may be inhibitive of move-
ment and perhaps cognitive states. As such, 1t may be desir-
able to decrease beta frequency band activity 1n the brain and
increase gamma frequency band activity in the brain.

In some examples, beta frequency band activity 1n the brain
may be decreased and gamma frequency band activity in the
brain may be increased by delivering electrical stimulation to
a portion of the brain at a frequency some margin that 1s
greater than a gamma band frequency. In one example, the
frequency of the electrical stimulation delivered to the portion
of the brain may be a constant frequency at some margin that
1s greater than a gamma band frequency. For example, elec-
trodes 24, 26 of leads 20A and 20B, respectively, may be used
to deliver electrical stimulation to patient 12 at a frequency
that 1s between about 1.05 times and 3 times a patient-specific
or representative gamma band frequency. Again, the gamma
frequency band may include gamma band Irequencies
between about 35 Hz and about 120 Hz. As one example,
clectrodes 24, 26 of leads 20A and 20B may deliver electrical
stimulation to patient 12 at a frequency that 1s 1.1 times a
gamma band frequency of 70 Hz, for example. Thus, elec-
trodes 24, 26 of leads 20A and 20B may deliver electrical
stimulation to patient 12 at a frequency of about 77 Hz, which
may be effective in re-inducing desired gamma frequency
band activity, and perhaps also reducing or eliminating patho-
logical Beta band activities. Re-inducing gamma band activ-
ity refers to increasing the power in the gamma frequency
band. In some instances, re-inducing gamma band activity
may be accompanied by a decrease in the activity at other
frequencies.
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In another example, the frequency of the electrical stimu-
lation delivered to the portion of the brain may be applied 1n
a sweeping manner. For example, the frequency of the elec-
trical stimulation may be swept through a range of frequency
values. In a frequency sweep, the frequency of the electrical
stimulation may begin at one value and then may be varied,
e.g., iIncreased or decreased, from a first frequency to a second
frequency. For example, electrodes 24, 26 of leads 20A and
20B, respectively, may be used to deliver electrical stimula-
tion to patient 12 that begins at a frequency that 1s between
about 1.05 times and 3 times a gamma band frequency and
extends upward to another, higher frequency that 1s between
1.05 times and 3 times a gamma band frequency, or down-
ward to another, lower frequency that 1s between 1.05 times
and 3 times a gamma band frequency. In some cases, 1n
downward sweeping, the frequency may be swept downward
from a frequency that 1s between 1.05 times and 3 times a
gamma band frequency to a lower frequency that 1s at or near
the gamma band frequency. As one example, electrodes 24,
26 of leads 20A and 20B may begin delivering electrical
stimulation to patient 12 at a frequency that 1s 2 times a
gamma band frequency of 70 Hz, for example, and then
sweep the frequency of the delivered electrical stimulation
downward from 140 Hz toward the gamma band frequency of
70 Hz while delivering electrical stimulation. It should be
noted that in some examples, the frequency may be swept
back and forth between a first frequency and a second fre-
quency.

In some examples, the electrical stimulation may be swept
upwards. For example, electrical stimulation may be deliv-
ered 1n a sweeping manner from a low gamma band frequency
to a gamma band frequency (e.g., from about 35 Hz to about
135 Hz or less) while simultaneously monitoring LFP or EEG
activity.

It should be noted that leads 20A, 20B may be separate
leads, or bifurcated segments on a single lead. Some example
configurations may comprise only a single lead. Two leads
support bilateral stimulation 1n both brain hemispheres while
one lead supports unilateral stimulation 1n one hemisphere. In
a frequency sweep, stimulation may be applied at different
frequencies 1n a range of frequencies 1n a sequence, €.g., by
increasing or decreasing by N Hz, in a linear or non-linear
mannet.

FIG. 2 1s functional block diagram 1llustrating components
of an example medical device that may be used to implement
the techniques of this disclosure. FIG. 2 1s a functional block
diagram 1llustrating components of an example IMD 16. In
the example shown 1n FIG. 2, IMD 16 includes processor 40,
memory 42, stimulation generator 44, sensing module 46,
switch module 48, telemetry module 50, and power source
52. Memory 42 may include any volatile or non-volatile
media, such as a random access memory (RAM), read only
memory (ROM), non-volatile RAM (NVRAM), electrically
erasable programmable ROM (EEPROM), flash memory,
and the like. Memory 42 may store computer-readable
instructions that, when executed by processor 40, cause IMD
16 to perform various functions.

In the example shown in FI1G. 2, memory 42 stores therapy
programs 54, sense electrode combinations and associated
stimulation electrode combinations 56, and operating instruc-
tions 58 1n separate memories within memory 42. Each stored
therapy program 54 defines a particular program of therapy in
terms of respective values for electrical stimulation param-
eters, such as a stimulation electrode combination, electrode
polarity, current or voltage amplitude, pulse width, and pulse
rate. In some examples, the therapy programs may be stored
as a therapy group, which defines a set of therapy programs
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6

with which stimulation may be generated. The stimulation
signals defined by the therapy programs of the therapy group
may be delivered together on an overlapping or non-overlap-
ping (e.g., time-1nterleaved) basis. It should be noted that an
algorithm to select a frequency within the gamma frequency
band may be and track the frequency may be stored in
memory 42, or another memory within IMD 16 or program-
mer 14.

Sense and stimulation electrode combinations 36 stores
sense electrode combinations and associated stimulation
electrode combinations. As described above, 1n some
examples, the sense and stimulation electrode combinations
may include the same subset of electrodes 24, 26, or may
include different subsets of electrodes. Operating instructions
58 guide general operation of IMD 16 under control of pro-
cessor 40, and may include 1nstructions for measuring the
impedance of electrodes 24, 26. Processor 40 may compare
received bioelectrical brain signals to values stored as param-
eters 59, as will be discussed 1n more detail below.

Stimulation generator 44, under the control of processor
40, generates stimulation signals for delivery to patient 12 via
selected combinations of electrodes 24, 26. An examplerange
of electrical stimulation parameters believed to be effective in
DBS to manage a movement disorder of patient include the
following:

1. Frequency: between approximately 20 Hz and approxi-
mately 500 Hz, such as approximately 130 Hz.

2. Voltage Amplitude: between approximately 0.1 volts
and approximately 20 volts, such as between approximately
0.5 volts and approximately 10 volts, or approximately 5
volts.

3. Current Amplitude: A current amplitude may be defined
as the biological load 1n which the voltage 1s delivered. In a
current-controlled system, the current amplitude, assuming a
lower level impedance of approximately 500 ohms, may be
between approximately 0.2 milliamps to approximately 100
milliamps, such as between approximately 1 milliamps and
approximately 40 milliamps, or approximately 10 milliamps.
However, 1n some examples, the impedance may range
between about 200 ochms and about 2 kilohms.

4. Pulse Width: between approximately 10 microseconds
and approximately 5000 microseconds, such as between
approximately 100 microseconds and approximately 1000
microseconds, or between approximately 180 microseconds
and approximately 4350 microseconds.

Stimulation generator 60 may, for example, generate either
constant current-based or constant voltage-based stimulation
in the form of pulses or continuous wavetorms. In delivering
constant current-based stimulation, stimulation generator 60
maintains the amplitude of the current at a constant level. In
delivering constant voltage-based stimulation, stimulation
generator 60 maintains the amplitude of the voltage at a
constant level.

Accordingly, in some examples, stimulation generator 44
generates electrical stimulation signals 1n accordance with
the electrical stimulation parameters noted above. Other
ranges of therapy parameter values may also be usetul, and
may depend on the target stimulation site within patient 12,
which may be within brain 28 or other portions of the nervous
system. While stimulation pulses are described, stimulation
signals may be of any form, such as continuous-time signals
(e.g., sine waves) or the like.

Processor 40 may include any one or more of a micropro-
cessor, a controller, a digital signal processor (DSP), an appli-
cation specific integrated circuit (ASIC), a field-program-
mable gate array (FPGA), discrete logic circuitry, and the
functions attributed to processor 40 1n this disclosure may be
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embodied as firmware, hardware, software or any combina-
tion thereof. Processor 40 controls stimulation generator 44
according to therapy programs 52 stored 1n memory 42 to
deliver, or apply, particular stimulation parameter values
specified by one or more of programs, such as amplitude,

pulse width, and pulse rate.
In the example shown in FIG. 2, the set of electrodes 24

includes electrodes 24 A, 24B, 24C, and 24D, and the set of
electrodes 26 includes electrodes 26 A, 268, 26C, and 26D.
Processor 40 also controls switch module 48 to apply the
stimulation signals generated by stimulation generator 44 to
selected combinations of electrodes 24, 26. In particular,
switch module 48 may couple stimulation signals to selected
conductors within leads 20, which, in turn, deliver the stimu-
lation signals across selected electrodes 24, 26. Switch mod-
ule 48 may be a switch array, switch matrix, multiplexer, or
any other type of switching module configured to selectively
couple stimulation energy to selected electrodes 24, 26 and to
selectively sense bioelectrical brain signals with selected
clectrodes 24, 26. Hence, stimulation generator 44 1s coupled
to electrodes 24, 26 via switch module 48 and conductors
within leads 20. In some examples, however, IMD 16 does not
include switch module 48.

Stimulation generator 44 may be a single channel or multi-
channel stimulation generator. In particular, stimulation gen-
erator 44 may be capable of delivering a single stimulation
pulse, multiple stimulation pulses or continuous signal at a
given time via a single electrode combination, or multiple
stimulation pulses or continuous signals at a given time via
multiple electrode combinations. In some examples, how-
ever, stimulation generator 44 and switch module 48 may be
configured to deliver multiple channels on a time-interleaved
basis. For example, switch module 48 may serve to time
divide the output of stimulation generator 44 across different
clectrode combinations at different times to deliver multiple
programs or channels of stimulation energy to patient 12.

Sensing module 46, under the control of processor 40, may
sense bioelectrical brain signals and provide the sensed bio-
clectrical brain signals to processor 40. Processor 40 may
control switch module 48 to couple sensing module 46 to
selected combinations of electrodes 24, 26, 1.e., a sense elec-
trode combination. In this way, IMD 16 1s configured such
that sensing module 46 may sense bioelectrical brain signals
with a plurality of different sense electrode combinations.
Switch module 48 may be electrically coupled to the selected
clectrodes 24, 26 via the conductors within the respective
leads 20, which, 1n turn, deliver the bioelectrical brain signals
sensed across the selected electrodes 24, 26 to sensing mod-
ule 46. The bioelectrical brain signals may include biomark-
ers, e.g., amplitude and phase relationships, which are indica-
tive of electrical activity within brain 28 of patient 12 and, in
particular, electrical activity within one or more frequency
bands, e.g., gamma frequency band, beta frequency band,
theta frequency band (about 4 Hz to about 7 Hz), and other
frequency bands, of brain 28.

Although sensing module 46 1s mcorporated 1nto a com-
mon housing with stimulation generator 44 and processor 40
in FIG. 2, 1n other examples, sensing module 46 may be 1n a
separate housing from IMD 16 and may communicate with
processor 40 via wired or wireless communication tech-
niques. Example bioelectrical brain signals include, but are
not limited to, a signal generated from local field potentials
within one or more regions of braimn 28. EEG and ECoG
signals are examples of local field potentials (LFPs) that may
be measured from brain 28. However, local field potentials
may include a broader genus of electrical signals within brain
28 of patient 12.
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In accordance with the techniques of this disclosure, pro-
cessor 40 may select a frequency within a frequency band of
patient 12 and control delivery of electrical stimulation at a
frequency greater than the selected frequency. In one
example, processor 40 may select a patient-specific fre-
quency within a frequency band, e.g., the gamma frequency
band, by analyzing bioelectrical brain signals sensed across
the selected electrodes 24, 26. For instance, processor 40 may
analyze bioelectrical brain signals sensed across the selected
clectrodes 24, 26 and select that a specific patient 12 has
oscillations of 70 Hz within the gamma frequency band.

In another example, processor 40 may select a representa-
tive frequency within a frequency band, e.g., the gamma
frequency band, rather than a patient-specific frequency. That
1s, given certain characteristics of a patient, such as age and
sex, disease severity, type of symptoms, medication state,
behavioral, psychological, and/or physical state, the fre-
quency within the frequency band may be selected based on
the basic body model. Thus, 1n some examples, the frequency
may be selected using a model, while in other examples, the
frequency may be selected via sensed bioelectrical brain sig-
nals of patient 12.

After selecting the frequency within the frequency band,
processor 40 may control stimulation generator 44 to deliver
clectrical stimulation at a frequency greater than the selected
frequency, e.g., above 70 Hz. In one example, processor 40
may control stimulation generator 44 to deliver electrical
stimulation to patient 12 via electrodes 24, 26 at a frequency
that 1s between a range of about 1.05 times and about 3 times
the selected frequency, e.g., about 1.05 times to about 3 times
the selected frequency of 70 Hz. Thus, 1n order to re-induce or
increase power ol gamma frequency band activity within
patient 12, processor 40 may, 1n one specific example, control
delivery of electrical stimulation to patient 12 at a frequency
that1s 1.1 times a selected frequency of about 70 Hz, or about
7’7 Hz. Re-inducing gamma frequency band activity within
patient 12 may facilitate movement and cognitive states.

In some examples, processor 40 may control stimulation
generator 44 to begin delivering via electrodes 24, 26 electri-
cal stimulation to patient 12 at a second frequency that is
between a range of about 1.05 times and about 3 times the
selected first frequency, e.g., 1.05 times to 3 times the selected
first frequency of 70 Hz, and then sweep the frequency of
delivered electrical stimulation downward from the second
frequency to a frequency near the selected first frequency (or
sweep the second frequency upward toward a third frequency
within a range between about 1.05 to about 3 times the
selected frequency). By way of specific example, processor
40 may control stimulation generator 44 to begin delivering
via electrodes 24, 26 electrical stimulation to patient 12 at a
second frequency of about 77 Hz (1.1 times an example
selected first frequency of 70 Hz) and then sweep the fre-
quency of the applied stimulation downward from the second
frequency of 77 Hz to a frequency near the selected first
frequency of 70 Hz or discontinuing sweep of stimulation at
some frequency greater than 70 Hz.

In order to control delivery of the electrical stimulation,
processor 40 retrieves one or more therapy programs that
define a particular program of therapy 1n terms of respective
values for electrical stimulation parameters, such as a stimu-
lation electrode combination, electrode polarity, current or
voltage amplitude, pulse width, and pulse rate. In addition,
therapy programs 54 may also include, for example, an
adjustable stepping rate (e.g., about 0.1 seconds per step to
about 600 seconds per step) associated with the frequency
sweep (e.g., the length of time that stimulation generator 44
applies stimulation at a particular frequency before changing
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the frequency), an adjustable stepping interval (e.g., about 0.1
Hz to about 10 Hz) associated with the frequency sweep (e.g.,
the spacing between applied frequencies as the sweep 1s per-
formed), an adjustable duty cycle, and an adjustable duration
associated with the electrical stimulation (e.g., 0.1 millisec-
ond, 0.5 seconds, etc.), whether the stimulation 1s delivered at
a constant frequency or via a frequency sweep. It should be
noted that 1n some example, between stimulation sweeps, a
continuous constant frequency stimulation may be delivered
or all stimulation may be discontinued.

As mentioned above, the delivered electrical stimulation
may be 1n the form of pulses or a continuous wavetorm. As
such, the frequency of the delivered electrical stimulation
may refer to the frequency of a pulse or the frequency of a
continuous wavetorm. Stimulation parameters such as volt-
age or current amplitude, electrode combinations and polar-
ity, and, 1 applicable, pulse width, may all be adjusted 1n
order to provide efficacious treatment to the patient.

In some examples, processor 40 may control stimulation
generator 44 to periodically repeat delivering electrical
stimulation at a second frequency that 1s between a range of
about 1.05 times and about 3 times the selected first fre-
quency, or periodically repeat sweeping the second frequency
downward toward the first frequency while delivering elec-
trical stimulation. For example, the electrical stimulation may
be delivered daily, or every several seconds or minutes. Other
periodic intervals, such as once every half-hour, once per
hour, and twice daily, may be desirable. Numerous other
period intervals are included within the scope of this disclo-
sure although not specifically recited.

Rather than periodically repeating the delivery of the elec-
trical stimulation, processor 40 may continuously deliver the
clectrical stimulation at a second frequency that 1s between a
range of about 1.05 times and about 3 times the selected first
frequency, or sweep the second frequency downward toward
the first frequency while delivering electrical stimulation. For
example, processor 40 may sweep the second frequency
downward toward the first frequency while delivering elec-
trical stimulation. Upon reaching a frequency near the first
frequency, processor 40 may immediately begin sweeping the
second frequency downward again toward the first frequency
while delivering electrical stimulation. Or, i1n another
example, processor 40 may control delivery of electrical
stimulation at a second frequency that 1s between a range of
about 1.05 times and about 3 times the selected first frequency
for a certain length of time. After that time, processor 40 may
control stimulation generator 44 to reapply electrical stimu-
lation, as will be discussed 1n more detail below.

In one example, electrical stimulation may be applied in
response to sensed brain activity. For instance, processor 40
may sense bioelectrical brain signals of patient 12 and only
apply electrical stimulation in response to the sensed brain
signals, e.g., reduced gamma band activity.

In other examples, aspects of the periodic and continuous
delivery of stimulation may be combined. For example, pro-
cessor 40 may continuously sweep the second frequency
downward toward the first frequency while delivering elec-
trical stimulation for some duration of time or until a specific
biomarker 1s identified by processor 40. This continuous
sweep may 1dentily a frequency that 1s effective in producing
a desired therapeutic effect. After the duration of time or
receipt ol a biomarker, processor 40 may then apply electrical
stimulation having the previously i1dentified frequency, or a
frequency near the identified frequency, rather than applying
sweeping stimulation. If at some point the previously 1denti-
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fied frequency no longer produces the desired therapeutic
elfect, processor 40 may then begin continuously sweeping
frequencies again.

Regardless of whether the techniques for delivering elec-
trical stimulation described 1n this disclosure are performed
once, periodically, or on a continuous basis on patient 12, the
delivery of electrical stimulation using the techniques of this
disclosure may re-establish control of the gamma frequency
band activity within brain 28 of patient 12. In some examples,
processor 40 may analyze bioelectric brain signals 1n order to
determine, for example, one or more biomarkers that may
indicate that the endogenous gamma frequency band activity
of patient 12, e.g., gamma frequency band rhythm, has been
re-induced. Biomarkers may include, for example, an ampli-
tude of a rhythm and/or a phase of a rhythm within one or
more frequency bands 1n brain 28.

Processor 40 may analyze bioelectrical brain signals 1n
order to determine, for example, whether one or more biom-
arkers 1s present within one or more of the beta frequency
band, the gamma frequency band, and the theta frequency
band. For example, sensing module 46 may sense via a subset
of electrodes 24, 26 (or a different subset of electrodes) bio-
clectrical brain signals of brain 28, measure an amplitude of
the sensed bioelectrical brain signals, and provide the sensed
bioelectrical brain signals and measured amplitude to proces-
sor 40. Upon receiving the sensed bioelectrical brain signals
and measured amplitude, processor 40 may analyze the
received signals to determine whether an amplitude and/or a
phase of arhythm indicative of redevelopment of endogenous
gamma frequency band activity 1s present within one or more
of the beta frequency band, the gamma frequency band, and
the theta frequency band of brain 28 of patient 12.

For instance, sensing module 46 may include frequency
monitoring module 49 capable of monitoring bioelectrical
brain signals associated with patient 12 1n selected frequency
bands. Frequency monitoring module 49 may include tunable
filtering and amplification capabilities that filter the bioelec-
trical brain signals into one or more of the beta frequency
band, the gamma frequency band, and the theta frequency
band, for example, and amplify the resulting filtered signal for
analysis by processor 40. That 1s, frequency monitoring mod-
ule 49 may be tuned, either by a clinician, patient, or without
user intervention (1.e., automatically), to detect bioelectrical
brain signals in one or more frequency bands such as the beta
frequency band, the gamma frequency band, and the theta
frequency band. Example circuitry capable of filtering and
amplifying bioelectrical brain signals 1s described in U.S.

patent application Ser. No. 12/237,868 to Denison et al.,
entitled, “FREQUENCY SELECTIVE MONITORING OF

PHYSIOLOGICAL SIGNALS,” which was filed on Sep. 25,
2008.

It should be noted that in some example implementations,
the bioelectrical brain signals of patient 12 may be analyzed
by processor 60 of programmer 14 (or by a computer) and
then transmitted via telemetry module 64 to telemetry module
50 of IMD 16.

As mentioned above, processor 40 may analyze the signals
to determine whether an amplitude of a rhythm indicative of
redevelopment of endogenous normal gamma frequency
band activity 1s present within one or more frequency bands.
In the gamma band, amplitudes may range from about 0.1 uV
to about 500 uV. Similar ranges exist for amplitudes 1n the
Beta band and other bands, although the specific values for
these amplitudes will vary greatly depending upon physi-
ological state, electrode characteristics and placement, etc.
Processor 40 may utilize numerous techniques to perform
such an analysis, some of which are described below. In one




US 8,886,323 B2

11

example, processor 40 may analyze the amplitude of a signal
in the gamma frequency band and compare the amplitude to a
representative threshold amplitude value retrieved from
parameters 59 of memory 42. The representative threshold
amplitude value may be, for example, determined based on
the basic body model. If the analyzed amplitude 1s less than
the representative threshold amplitude value, processor 40
may control stimulation generator 44 to deliver electrical
stimulation at a frequency greater than the selected frequency
(which, 1n some examples, may also be stored 1n parameters
59). For example, the analyzed amplitude may be 0.1 micro-
volts (uV) and the representative threshold amplitude may be
10 uV. In this case, processor 40 may control stimulation
generator 44 to deliver electrical stimulation 1n a sweeping
manner as described throughout this disclosure, or deliver
stimulation at a particular frequency greater than the selected
gamma Irequency without sweeping.

After stimulation generator 44 delivers the electrical stimu-
lation, or 1n between electrical stimulation pulses, the sensing
module 46 and frequency monitoring module 49 may again
monitor bioelectrical brain signals associated with patient 12.
Then, processor 40 may analyze the signals to determine
whether the delivered electrical stimulation resulted 1n an
amplitude of a rhythm indicative of redevelopment of endog-
enous gamma frequency band activity 1s present within one or
more frequency bands. That 1s, processor 40 may again com-
pare the amplitude of a bioelectrical brain signal in the
gamma Irequency band to the representative threshold ampli-
tude value. If the amplitude of the signal 1s greater than the
representative threshold amplitude value, processor 40 may
determine that further delivery of electrical stimulation in the
sweeping manner described above 1s unnecessary. For
instance, the analyzed amplitude may be 70 microvolts (uUV)
and the representative threshold amplitude may be 50 uV. In
this case, because the analyzed amplitude 1s greater than the
threshold amplitude, processor 40 may determine that further
delivery of electrical stimulation 1n the manner described
throughout this disclosure 1s unnecessary. If, however, the
amplitude of the signal is less than the representative thresh-
old amplitude value, processor 40 may again deliver electrical
stimulation 1n the manner described above. Subsequent deliv-
ery of electrical stimulation may occur immediately, or after
some adjustable delay in time, for example about 0.1 minute
to 1 hour or longer.

In another example, rather than comparing the amplitude
of the bioelectrical brain signals to a representative threshold
amplitude value, the amplitude of the signals may be com-
pared to an amplitude value that was found to be efficacious
for patient 12. For example, a particular patient 12 may be
responsive to a gamma frequency band amplitude value of 60
uV. A clinician, for example, may store this efficacious value
in parameters 39 of memory 42. Upon receiving bioelectrical
brain signals associated with patient 12, processor 40 may
analyze and compare the received signals to the efficacious
value stored in parameters 59. In a manner similar to that
described above with respect to the representative threshold
value, processor 40 may determine whether or not to deliver
clectrical stimulation in the sweeping manner described
throughout this disclosure. In some examples, the efficacious
value may be the patient’s normal gamma frequency value. In
other examples, the ellicacious value may be a value that 1s
not the patient’s normal gamma frequency value, but near
enough to the patient’s normal gamma frequency value so as
to produce eflicacious results.

Although the examples provided above are directed to
analyzing the amplitude of the bioelectrical brain signals 1n
the patient’s gamma frequency band, the disclosure 1s not so
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limited. Rather, as mentioned above, bioelectrical brain sig-
nals from the beta frequency band and the theta frequency
band, for example, may be analyzed 1nstead of or 1n addition
to the signals from the gamma frequency band to determine
the need for or the effectiveness of delivery of electrical
stimulation 1n the sweeping manner described throughout this
disclosure. For example, beta frequency band activity may be
analyzed prior to and/or after delivery of sweeping electrical
stimulation. Suppression of activity in the beta frequency
band may be a biomarker indicative of re-inducement of
gamma band activity. That 1s, attenuation of an amplitude 1n
the beta frequency band may indicate that the delivery of
sweeping electrical stimulation has been effective in re-in-
ducing gamma frequency band rhythms (e.g., a rhythm hav-
ing an amplitude of about 1.0 uV at about 70 Hz), or that the
delivery of sweeping electrical stimulation 1s unnecessary.

For example, sensing module 46 and frequency monitoring,
module 49 may monitor bioelectrical brain signals associated
with the beta frequency band of patient 12. Then, processor
40 may analyze the signals to determine whether the deliv-
ered electrical stimulation attenuated a bioelectrical brain
signal amplitude of a rhythm in the beta frequency band
below either a representative threshold amplitude value or a
patient-specific threshold value. For example, sensing mod-
ule 46 and frequency monitoring module 49 may sense a beta
frequency band amplitude (e.g., root mean square, and 14
peak to peak, of 5 uV. Processor 40 may compare the sensed
beta frequency band amplitude of 5 uV to a threshold value
retrieved from parameters 59 1n memory 42. If the sensed
amplitude 1s greater than the threshold value, processor 40
may control stimulation generator 44 to deliver electrical
stimulation at a frequency greater than the selected frequency.
After stimulation generator 44 delivers the electrical stimu-
lation, sensing module 46 and frequency monitoring module
49 may again monitor bioelectrical brain signals associated
with the beta frequency band of patient 12. Then, processor
40 may analyze the signals to determine whether the deliv-
ered electrical stimulation resulted 1n an attenuated amplitude
of a rhythm 1n the beta frequency band, which may be asso-
ciated with reestablishment of endogenous gamma frequency
band activity in the brain of patient 12.

As seen above, an increase 1n gamma frequency band activ-
ity, or a suppression of beta frequency band activity may both
be 1ndicative of redevelopment of endogenous gamma 1ire-
quency band activity. In other examples, processor 40 may
analyze the relationship between beta frequency band activity
and gamma Ifrequency band activity as a biomarker for rede-
velopment of endogenous gamma frequency band activity.
For example, a ratio of the amplitude of a rhythm 1n the beta
frequency band and the amplitude of a rhythm in the gamma
frequency band may be compared to a predetermined value or
range of values, and based on the comparison, processor 40
may determine whether or not to deliver electrical stimula-
tion. For example, a ratio of 0.1 or higher, e.g., about 0.2, of
an amplitude of a rhythm in the gamma frequency band to
amplitude of a rhythm 1n the beta frequency band may be
desirable. Processor 40 may determine the ratio of the ampli-
tude of a rhythm 1n the beta frequency band and the amplitude
of a rhythm in the gamma frequency band and 11 higher than
about 0.1, processor 40 may determine not to deliver electri-
cal stimulation. If the ratio 1s less than about 0.1, processor 40
may determine to deliver electrical stimulation.

It should be noted that in some examples, redevelopment of
endogenous gamma frequency band activity may be indicated
when desired behavioral effects are achieved, undesirable
negative behavioral side effects are reduced or eliminated,
and/or power 1n the gamma frequency band 1s maximized.




US 8,886,323 B2

13

The examples described above utilize closed-loop tech-
niques for the delivery of sweeping electrical stimulation.
That 1s, the examples describe sensing module 46 and fre-
quency monitoring module 49 monitoring bioelectrical brain
signals, processor 40 analyzing the bioelectrical brain signals
and controlling delivery of electrical stimulation based on the
analysis, sensing module 46 and frequency monitoring mod-
ule 49 momitoring bioelectrical brain signals after delivery of
the electrical stimulation, and processor 40 determining,
whether stimulation generator 44 should again deliver sweep-
ing electrical stimulation.

In other example configurations, open-loop techniques for
the delivery of sweeping electrical stimulation may be
employed. For instance, 1n one open-loop technique, the bio-
clectrical brain signals of patient 12 may not be monitored for
the purpose of 1dentifying a stimulation frequency. Rather,
processor 40 may select a frequency within a frequency band
of patient 12 and control delivery of electrical stimulation at
a frequency greater than the selected frequency without moni-
toring the bioelectrical brain signals of patient 12. In one
example, as described above, processor 40 may control
stimulation generator 44 to deliver via electrodes 24, 26 clec-
trical stimulation to patient 12 at a frequency that 1s between
a range ol about 1.05 times and about 3 times the selected
frequency. In another example, processor 40 may control
stimulation generator 44 to begin delivering via electrodes 24,
26 clectrical stimulation to patient 12 at a second frequency
that 1s between a range of about 1.05 times and about 3 times
the selected first frequency and then sweep the frequency of
delivered electrical stimulation downward from the second
frequency to a frequency near the selected first frequency. In
cither case, 1n an open-loop configuration, the bioelectrical
brain signals may not be monitored following delivery of the
clectrical stimulation. By not momtoring bioelectrical brain
signals after delivery of the electrical stimulation, open-loop
configurations may be advantageous 1n that they may reduce
the amount of power consumed by IMD 16. Open-loop con-
figurations may be useful 1n patients that require continuous
or nearly continuous delivery of electrical stimulation accord-
ing to the techniques described in this disclosure. In such
patients, eliminating monitoring of bioelectrical brain signals
may significantly reduce power consumption and prolong the
life of power source 52.

The techniques described 1n this disclosure may be per-
formed 1n a system that has already been implanted in a
patient and programmed, or in clinical settings in which a
system 15 being implanted in a patient and programming 1s
being turned on for the first time. In a clinical implant setting,
for example, 1n addition to or instead of momitoring biomar-
kers, a clinician may momnitor the motor performance, e.g.
climical Unified Parkinson’s Disease Rating Scale (UPDRS),
or similar clinical measure, of a patient. As mentioned above,
gamma frequency band activity may be facilitative of move-
ment. A clinician may use the techniques of this disclosure to
deliver electrical stimulation to patient 12 and monitor the
motor performance of patient 12 in response to receiving the
clectrical stimulation. By monitoring the motor performance
of patient 12 1n response to receiving the electrical stimula-
tion, a clinician may determine efficacious electrical stimu-
lation settings that may be programmed into memory 42. For
example, a clinician may determine the patient’s specific
gamma Irequency within the gamma frequency band, an
amplitude of eflicacious electrical stimulation, and a duration
associated with the delivery of electrical stimulation. The
determined stimulation settings may be programmed into
memory 42 as part of therapy programs 54 for later use.
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Telemetry module 50 supports wireless communication
between IMD 16 and an external programmer 14 or another
computing device under the control of processor 40. Proces-
sor 40 of IMD 16 may receive, as updates to programs, values
for various stimulation parameters such as amplitude and
clectrode combination, from programmer 14 via telemetry
module 50. The updates to the therapy programs may be
stored within therapy programs 54 portion ol memory 42.
Telemetry module 50 1n IMD 16, as well as telemetry mod-
ules 1 other devices and systems described herein, such as
programmer 14, may accomplish communication by radioi-
requency (RF) commumnication techniques. In addition,
telemetry module 50 may communicate with external medi-
cal device programmer 14 via proximal inductive interaction
of IMD 16 with programmer 14. Accordingly, telemetry mod-
ule 50 may send information to external programmer 14 on a
continuous basis, at periodic intervals, or upon request from
IMD 16 or programmer 14.

Power source 52 delivers operating power to various com-
ponents ol IMD 16. Power source 52 may include a small
rechargeable or non-rechargeable battery and a power gen-
eration circuit to produce the operating power. Recharging
may be accomplished through proximal inductive interaction
between an external charger and an inductive charging coil
within IMD 16. In some examples, power requirements may
be small enough to allow IMD 16 to utilize patient motion and
implement a kinetic energy-scavenging device to trickle
charge a rechargeable battery. In other examples, traditional
batteries may be used for a limited period of time.

FIG. 3 1s a functional block diagram illustrating compo-
nents of an example medical device programmer that may be
used to implement the techniques of this disclosure. Example
external medical device programmer 14 of FIG. 3 includes
processor 60, memory 62, telemetry module 64, user inter-
face 66, and power source 68. Processor 60 controls user
interface 66 and telemetry module 64, and stores and retrieves
information and instructions to and from memory 62. Pro-
grammer 14 may be configured for use as a clinician program-
mer or a patient programmer. Processor 60 may comprise any
combination of one or more processors including one or more
microprocessors, DSPs, ASICs, FPGAs, or other equivalent
integrated or discrete logic circuitry. Accordingly, processor
60 may include any suitable structure, whether 1n hardware,
soltware, firmware, or any combination thereot, to perform
the functions ascribed herein to processor 60.

A user, such as a climician or patient 12, may interact with
programmer 14 through user interface 66. User interface 66
includes a display (not shown), such asa LCD or LED display
or other type of screen, to present information related to the
therapy, such as information related to bioelectrical signals
sensed via a plurality of sense electrode combinations. In
addition, user mterface 66 may include an mput mechanism
to receive mput from the user. The mput mechanisms may
include, for example, buttons, a keypad (e.g., an alphanu-
meric keypad), a peripheral pointing device or another input
mechanism that allows the user to navigate though user inter-
faces presented by processor 60 of programmer 14 and pro-
vide mput.

If programmer 14 includes buttons and a keypad, the but-
tons may be dedicated to performing a certain function, e.g.,
a power button, or the buttons and the keypad may be softkeys
that change 1n function depending upon the section of the user
interface currently viewed by the user. Alternatively, the dis-
play (not shown) of programmer 14 may be a touch screen
that allows the user to provide input directly to the user
interface shown on the display. The user may use a finger,
stylus, or other pointing device to provide input to the display.
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In other examples, user mtertace 66 also includes audio cir-
cuitry for providing audible 1nstructions or sounds to patient
12 and/or receiving voice commands from patient 12, which
may be useful 1t patient 12 has limited motor functions.
Patient 12, a clinician or another user may also interact with
programmer 14 to manually select therapy programs, gener-
ate new therapy programs, modily therapy programs through
individual or global adjustments, and transmit the new pro-
ograms to IMD 16.

In some examples, at least some of the control of therapy
delivery by IMD 16 may be implemented by processor 60 of
programmer 14. For example, 1n some examples, processor
60 may receive a bioelectrical brain signal from IMD 16 or
from a sensing module that 1s separate from IMD 16. The
separate sensing module may, but need not be, implanted
within patient 12. In some examples, processor 60 may ana-
lyze one or more biomarkers sensed with the one or more
sense electrode combinations associated with at least one of
the stimulation electrode combinations. Based on the analysis
of the biomarker, processor 60 may determine whether to
deliver, or continue delivering, electrical stimulation at a fre-
quency some margin that is greater than the selected gamma
band frequency. In some cases, processor 60 may transmit a
signal to IMD 16 to instruct IMD 16 to deliver electrical
stimulation, or alter delivery of electrical stimulation by
selecting a new program or switching stimulation electrode
combinations.

Processor 40 of IMD 16 may recerve the signal from pro-
grammer 14 via its respective telemetry module 50 (FIG. 3).
Processor 40 of IMD 16 may deliver electrical stimulation by
selecting a stored therapy program from memory 42 based on
the signal from processor 60 ol programmer 14. Alternatively,
processor 60 of programmer 14 may select a therapy program
or a specific stimulation electrode combination and transmit a
signal to IMD 16, where the signal indicates the therapy
parameter values to be implemented by IMD 16 to help
improve the efficacy of the stimulation to manage the
patient’s movement disorder. The indication may be, for
example, an alphanumeric identifier or symbol that 1s associ-
ated with the therapy program in memory 42 of IMD 16.

Memory 62 may include instructions for operating user
interface 66 and telemetry module 64, and for managing
power source 68. Memory 62 may also store any therapy data
retrieved from IMD 16 during the course of therapy. The
clinician may use this therapy data to determine the progres-
sion of the patient condition in order to predict future treat-
ment. Memory 62 may include any volatile or nonvolatile
memory, such as RAM, ROM, EEPROM or flash memory.
Memory 62 may also include a removable memory portion
that may be used to provide memory updates or increases in
memory capacities. A removable memory may also allow
sensitive patient data to be removed before programmer 14 1s
used by a different patient.

Wireless telemetry in programmer 14 may be accom-
plished by RF communication or proximal inductive interac-
tion of external programmer 14 with IMD 16. This wireless
communication 1s possible through the use of telemetry mod-
ule 64. Accordingly, telemetry module 64 may be similar to
the telemetry module contained within IMD 16. In alternative
examples, programmer 14 may be capable of infrared com-
munication or direct communication through a wired connec-
tion. In this manner, other external devices may be capable of
communicating with programmer 14 without needing to
establish a secure wireless connection.

Power source 68 delivers operating power to the compo-
nents of programmer 14. Power source 68 may include a
battery and a power generation circuit to produce the operat-
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ing power. In some examples, the battery (e.g., nickel cad-
mium or lithium 1on batteries) may be rechargeable to allow
extended operation. Recharging may be accomplished by
clectrically coupling power source 68 to a cradle or plug that
1s connected to an alternating current (AC) outlet. In addition,
recharging may be accomplished through proximal inductive
interaction between an external charger and an inductive
charging coil within programmer 14. In other examples, tra-
ditional batteries may be used. In addition, programmer 14
may be directly coupled to an alternating current outlet to
operate. Power source 68 may include circuitry to monitor
power remaining within a battery. In this manner, user inter-
face 66 may provide a current battery level indicator or low
battery level indicator when the battery needs to be replaced
or recharged. In some cases, power source 68 may be capable
of estimating the remaining time of operation using the cur-
rent battery.

FIG. 4 15 a flow diagram of an example technique for
reestablishing activity within the gamma frequency band of a
patient 1n accordance with the techniques of this disclosure.
Processor 40 of IMD 16, processor 60 of programmer 14, or
another computing device may implement the example tech-
nique of FI1G. 4. Although processor 40 1s referred to through-
out the description of FIG. 4, in other examples, processor 60
of programmer 14 or another computing device may 1mple-
ment the technique shown 1n FIG. 4.

Processor 40 may {first obtain bioelectrical brain signals
from brain 28 of patient 12 (100). Processor 40 may then
select a frequency within a gamma frequency band of patient
12 from the bioelectrical brain signals (105). The gamma
frequency band has a frequency range between about 35
Hertz and about 120 Hertz. In one example, processor 40 may
select a patient-specific frequency within the gamma {re-
quency band by analyzing bioelectrical brain signals sensed
across selected electrodes, e.g., electrodes 24, 26. For
example, processor 40 may analyze bioelectrical brain sig-
nals sensed across the electrodes 24, 26, determine that a
specific patient 12 has oscillations o1 70 Hz within the gamma
frequency band, and then select a frequency of 70 Hz within
the gamma frequency band. In another example, processor 40
may select a representative frequency, e.g., a frequency based
on the basic body model, within the gamma frequency band
rather than a patient-specific frequency.

After selecting the frequency, processor may determine a
frequency, or range of frequencies, greater than the selected
frequency at which electrical stimulation will be delivered to
patient 12 (115). Then, processor 40 may control stimulation
generator 44 to deliver electrical stimulation at the deter-
mined frequency that 1s greater than the selected frequency,
¢.g., greater than 70 Hz (120) 1n order to reestablish gamma
frequency band activity 1n patient 12. In one example, pro-
cessor 40 may control stimulation generator 44 to deliver
clectrical stimulation to patient 12 via electrodes 24, 26 at a
frequency that 1s between a range of about 1.05 times and
about 3 times the selected frequency. For example, processor
40 may control stimulation generator 44 to deliver electrical
stimulation at a frequency 1.5 times the selected frequency,
¢.g., 1.5 times the selected frequency of 70 Hz. Reestablish-
ing gamma Irequency band activity within patient 12 may
facilitate movement and cognitive states.

In another example, processor 40 may control stimulation
generator 44 to begin delivering via electrodes 24, 26 electr-
cal stimulation to patient 12 at a second frequency that is
between a range of about 1.05 times and about 3 times the
selected first frequency, e.g., 1.05 times to 3 times the selected
first frequency of 70 Hz, and then sweep the frequency of
selected electrical stimulation downward from the second
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frequency to a frequency near the selected first frequency (or
upward toward a third frequency within a range between
about 1.05 to about 3 times the selected frequency).

FIG. § 15 a flow diagram of another example technique for
reestablishing activity within the gamma frequency band of a
patient 1n accordance with the techniques of this disclosure.
Steps 200 and 2035 of FIG. 5 are similar to steps 100 and 105
described above with respect to FIG. 4 and for purposes of
conciseness, will not be described again.

After processor 40 controls stimulation generator 44 to
deliver electrical stimulation at a frequency greater than the
selected frequency, sensing module 46 may sense via a subset
of electrodes and measure an amplitude of a rhythm 1n at least
one of a gamma frequency band and a beta frequency band
(210). The gamma frequency band has a frequency range
between about 60 Hertz and about 80 Hertz, and the beta
frequency band has a frequency range between about 10
Hertz and about 30 Hertz. Sensing module 46 may provide
the sensed bioelectrical brain signals and measured amplitude
to processor 40. Upon recerving the sensed bioelectrical brain
signals and measured amplitude, processor 40 may analyze
the received signals to determine whether the amplitude 1s
indicative of redevelopment of endogenous gamma fre-
quency band activity in patient 12. For example, processor 40
may compare the measured amplitude to a predetermined
value (215). In one example, processor 40 may compare the
amplitude to a representative threshold amplitude value, e.g.,
a value determined from the basic body model, retrieved from
parameters 59 of memory 42. In another example, rather than
comparing the amplitude of the bioelectrical brain signals to
a representative threshold amplitude value, the amplitude of
the signals may be compared to an amplitude value that was
found to be efficacious for patient 12. A clinician, for
example, may store this efficacious value 1n parameters 59 of
memory 42.

After comparing the amplitude to a predetermined value,
processor 40 determines whether to deliver the electrical
stimulation again based on the comparison (220). For
example, 11 the measured amplitude of arhythm 1n the gamma
frequency band 1s greater than the predetermined value
retrieved from memory 42, processor 40 may determine that
turther delivery of electrical stimulation i the manner
described throughout this disclosure 1s unnecessary. I, how-
ever, the amplitude of the signal 1s less than the predetermined
amplitude value, processor 40 may again deliver electrical
stimulation 1n the manner described above.

FIG. 6 1s a graph comparing a selected frequency in the
gamma band and frequencies greater than the selected
gamma band frequency for delivery of stimulation. In FIG. 6,
the gamma band, having frequencies from about 50 Hz to
about 80 Hz 1s shown at 300. An example selected frequency
(e.g., the patient’s specific gamma frequency or representa-
tive gamma frequency) 1n the gamma band of 70 Hz 1s
depicted at 302. As described 1in detail above, electrical stimu-
lation may be delivered at a frequency that 1s some margin
that 1s greater than the selected frequency, e.g., 1.05 times to
3 times the selected frequency. The range of frequencies
between 1.05 times to 3 times the selected frequency (about
90 Hz to about 210 Hz) i1s graphically illustrated at 304.
Finally, as described above, the electrical stimulation may be
delivered 1n a sweeping manner across a range of frequency
values. As shown generally at 306, the electrical stimulation
may begin at a frequency 308 that 1s between about 1.05 times
and 3 times selected gamma band frequency 302 and extend
upward to another, higher frequency that i1s between 1.05
times and 3 times selected gamma band frequency 302, or
downward to another, lower frequency that 1s between 1.05
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times and 3 times selected gamma band frequency 302. The
frequencies 1n the range of frequency values may be separated
by an interval, as shown at 310. Although FIG. 6 depicts
approximately constant intervals 310, in some examples
intervals 310 may vary in value.
The techniques described in this disclosure may be 1imple-
mented, at least 1n part, 1n hardware, software, firmware or
any combination thereof. For example, various aspects of the
techniques may be implemented within one or more micro-
processors, digital signal processors (DSPs), application spe-
cific integrated circuits (ASICs), field programmable gate
arrays (FPGAs), or any other equivalent integrated or discrete
logic circuitry, as well as any combinations of such compo-
nents, embodied 1n programmers, such as physician or patient
programmers, stimulators, or other devices. The terms “pro-
cessor,” “processing circuitry,” “controller” or “control mod-
ule” may generally refer to any of the foregoing logic cir-
cuitry, alone or in combination with other logic circuitry, or
any other equivalent circuitry, and alone or 1n combination
with other digital or analog circuitry.
For aspects implemented in software, at least some of the
functionality ascribed to the systems and devices described 1n
this disclosure may be embodied as 1nstructions on a com-
puter-readable medium such as random access memory
(RAM), read-only memory (ROM), non-volatile random
access memory (NVRAM), electrically erasable program-
mable read-only memory (EEPROM), FLASH memory,
magnetic media, optical media, or the like. The instructions
may be executed to support one or more aspects of the func-
tionality described in this disclosure.
Various examples of the disclosure have been described.
These and other examples are within the scope of the follow-
ing claims.
The invention claimed 1s:
1. A method comprising;:
selecting a frequency within a gamma frequency band,
wherein the selected frequency 1s one of a patient-spe-
cific frequency or a representative frequency;

delivering electrical stimulation, via one or more elec-
trodes, at a frequency greater than the selected ire-
quency;
in response to delivering the electrical stimulation, mea-
suring an amplitude of a rhythm 1n at least one of the
gamma {requency band and a beta frequency band;

determining, by one or more processors whether the mea-
sured amplitude 1s indicative of a desired gamma fre-
quency band activity having been re-induced, and based
on whether the measured amplitude 1s indicative of the
desired gamma frequency band activity having been
re-induced, determiming whether to deliver additional
electrical stimulation, via the one or more electrodes, at
the frequency greater than the selected frequency, and

in response to a determination to deliver additional electri-
cal stimulation at the frequency greater than the selected
frequency, delivering, via the one or more electrodes, the
additional electrical stimulation.

2. The method of claim 1, wherein the gamma frequency
band comprises frequencies within a range of about 35 Hertz
to about 120 Hertz.

3. The method of claim 1, wherein delivering electrical
stimulation at a frequency greater than the selected frequency
COmprises:

delivering electrical stimulation at a constant pulse fre-

quency within a range between about 1.05 times to about
3 times the selected frequency.

4. The method of claim 1, wherein the selected frequency

within the gamma frequency band 1s a first frequency, and
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wherein delivering electrical stimulation at a frequency
greater than the selected frequency to a patient comprises:
delivering electrical stimulation at a second frequency
within a range between about 1.05to about 3 times the
selected frequency; and

at least one of sweeping the second frequency downward

toward the first frequency while delivering electrical
stimulation and sweeping the second frequency upward
toward a third frequency within a range between about
1.05 to about 3 times the selected frequency.

5. The method of claim 4, wherein sweeping the second
frequency downward or upward while delivering electrical
stimulation 1s periodically repeated.

6. The method of claim 4, wherein sweeping the second
frequency downward or upward while delivering electrical
stimulation 1s continuously repeated.

7. The method of claim 4, wherein sweeping the second
frequency downward or upward while delivering electrical
stimulation comprises:

delivering electrical stimulation at different frequencies in

one of a linear manner or non-linear manner.

8. The method of claim 1, wherein the measured amplitude
comprises a first biomarker of a patient, and wherein the
method further comprises, in response to delivering electrical
stimulation, monitoring at least one of a motor performance
ol the patient and a second biomarker of the patient.

9. The method of claim 1, wherein the beta frequency band
has a frequency range between about 8 Hertz and about 35
Hertz, and wherein the method further comprises:

comparing the measured amplitude to a predetermined

value; and

determining whether to deliver the additional electrical

stimulation based on the comparison.

10. The method of claim 1, wherein delivering electrical
stimulation to a patient at a frequency greater than the
selected frequency comprises:

continuously delivering electrical stimulation to the patient

at a frequency greater than the selected frequency.

11. The method of claim 1, further comprising, responsive
to the determination, delivering the additional electrical
stimulation at the frequency greater than the selected fre-
quency.

12. The method of claim 1, wherein selecting a frequency
within a gamma frequency band comprises selecting the
patient-specific frequency,

analyzing bioelectrical brain signals sensed via the one or

more electrodes;

detecting oscillations at a particular frequency; and

selecting the particular frequency as the selected patient-

specific frequency.

13. The method of claim 1, wherein selecting a frequency
within a gamma frequency band comprises selecting the rep-
resentative frequency, the representative frequency selected
based on at least one of age, sex, disease severity, type of
symptoms, medication state, behavioral sate, psychological
state or physical state.

14. The method of claim 1, wherein a patient-specific ire-
quency 1s selected based on a bioelectrical brain signal of a
patient, or a representative frequency 1s selected based on a
model.

15. A device comprising;

an 1mplantable housing;

one or more leads coupled to the housing;
one or more electrodes carried by the one or more leads;
and

a processor configured to:
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select a frequency within a gamma frequency band,
wherein the selected frequency i1s one of a patient-
specific frequency or a representative frequency;

control delivery of electrical stimulation at a frequency
greater than the selected frequency;

in response to the delivery of the electrical stimulation,
measure an amplitude of arhythm 1n at least one of the
gamma Irequency band and a beta frequency band;
and

determine whether the measured amplitude 1s indicative
of a desired gamma frequency band activity having
been re-induced, and based on whether the measured
amplitude 1s indicative of the desired gamma {re-
quency band activity having been re-induced, deter-
mine whether to deliver additional electrical stimula-
tion at the Ifrequency greater than the selected
frequency.

16. The device of claim 15, wherein the gamma frequency

band comprises frequencies within a range of about 35 Hertz
to about 120 Hertz.

17. The device of claim 15, wherein the processor config-
ured to control delivery of electrical stimulation at a fre-
quency greater than the selected frequency 1s further config-
ured to:

deliver electrical stimulation at a constant pulse frequency

within a range between about 1.05 times to about 3 times
the selected frequency.

18. The device of claim 15, wherein the selected frequency
within the gamma frequency band 1s a first frequency, and
wherein the processor configured to control delivery of elec-
trical stimulation at a frequency greater than the selected
frequency to a patient 1s further configured to:

control delivery of electrical stimulation at a second {re-

quency within a range between about 1.05 to about 3
times the selected frequency; and

at least one of sweep the second frequency downward

toward the first frequency while delivering electrical
stimulation and sweep the second frequency upward
toward a third frequency within a range between about
1.05 to about 3 times the selected frequency.

19. The device of claim 18, wherein the processor config-
ured to sweep the second frequency downward or upward
while delivering electrical stimulation 1s configured to peri-
odically repeat the sweep.

20. The device of claim 18, wherein the processor config-
ured to sweep the second frequency downward or upward
while delivering electrical stimulation 1s configured to con-
tinuously repeat the sweep.

21. The device of claim 18, wherein the processor config-
ured to sweep the second frequency downward or upward
while delivering electrical stimulation 1s configured to:

control delivery of electrical stimulation at different fre-

quencies 1n one of a linear manner or non-linear manner.

22. The device of claim 15, wherein the measured ampli-
tude comprises a first biomarker of a patient, and wherein the
processor 1s further configured to

monitor, 1n response to delivering electrical stimulation, at

least one of a motor performance of the patient and a
second biomarker of the patient.

23. The device of claim 15, wherein the beta frequency
band has a frequency range between about 8 Hertz and about
35 Hertz, and wherein the processor 1s configured to:

compare the measured amplitude to a predetermined value;

and

determine whether to deliver the additional electrical

stimulation based on the comparison.
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24. The device of claim 15, wherein the processor config-
ured to control delivery of electrical stimulation to a patient at
a Irequency greater than the selected frequency i1s further
configured to:

control continuous delivery of electrical stimulation to a

patient at a frequency greater than the selected 1fre-
quency.

25. The device of claim 15, wherein the processor 1s con-
figured to, responsive to the determination, control delivery of
the additional electrical stimulation at the frequency greater
than the selected frequency.

26. A non-transitory computer-readable storage medium
comprising instructions that, when executed by a processor,
cause the processor to:

select a frequency within a gamma frequency band,

wherein the selected frequency 1s one of a patient-spe-
cific frequency or a representative frequency;

control delivery of electrical stimulation at a frequency

greater than the selected frequency;
in response to delivery of the electrical stimulation, mea-
sure an amplitude of a rhythm in at least one of the
gamma Irequency band and a beta frequency band; and

determine whether the measured amplitude 1s indicative of
a desired gamma frequency band activity having been
re-induced, and based on whether the measured ampli-
tude 1s indicative of the desired gamma frequency band
having been re-induced, determine whether to deliver
additional electrical stimulation at the frequency greater
than the selected frequency.

27. The computer-readable storage medium of claim 26,
wherein the gamma frequency band comprises frequencies
within a range of about 35 Hertz to about 120 Hertz.

28. The computer-readable storage medium of claim 26,
wherein the instructions that cause the processor to control
delivery of electrical stimulation at a frequency greater than
the selected frequency comprise instructions that, when
executed by the processor, cause the processor to:

deliver electrical stimulation at a constant pulse frequency

within arange between about 1.05 times to about 3 times
the selected frequency.

29. The computer-readable storage medium of claim 26,
wherein the selected frequency within the gamma frequency
band 1s a first frequency, and wherein the instructions that
cause the processor to control delivery of electrical stimula-
tion at a frequency greater than the selected frequency to a
patient comprise instructions that, when executed by the pro-
cessor, cause the processor to:

control delivery of electrical stimulation at a second 1ire-

quency within a range between about 1.05 to about 3
times the selected frequency; and

at least one of sweep the second frequency downward

toward the first frequency while delivering electrical
stimulation and sweep the second frequency upward
toward a third frequency within a range between about
1.05 to about 3 times the selected frequency.

30. The computer-readable storage medium of claim 29,
wherein the instructions that cause the processor to sweep the
second frequency downward or upward while delivering elec-
trical stimulation comprise mstructions that, when executed
by the processor, cause the processor to periodically repeat
the sweep.

31. The computer-readable storage medium of claim 29,
wherein the mstructions that cause the processor to sweep the
second frequency downward or upward while delivering elec-
trical stimulation comprise mstructions that, when executed
by the processor, cause the processor to continuously repeat
the sweep.
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32. The computer-readable storage medium of claim 29,
wherein the mstructions that cause the processor to sweep the
second frequency downward or upward while delivering elec-
trical stimulation comprise instructions that, when executed
by the processor, cause the processor to:

control delivery of electrical stimulation at diflerent fre-

quencies 1 one of a linear manner or non-linear manner.

33. The computer-readable storage medium of claim 26,
wherein the measured amplitude comprises a first biomarker
of a patient, and wherein the computer-readable storage
medium further comprises mstructions that, when executed
by the processor, cause the processor to:

monitor, 1 response to delivery of electrical stimulation, at

least one of a motor performance of the patient and a
second biomarker of the patient.

34. The computer-readable storage medium of claim 26,

wherein the beta frequency band has a frequency range

between about 8 Hertz and about 35 Hertz, and wherein
the computer-readable storage medium further com-
prises mstructions that, when executed by the processor,
cause the processor to:

compare the measured amplitude to a predetermined value;

and

determine whether to deliver the additional electrical

stimulation based on the comparison.

35. The computer-readable storage medium of claim 26,
wherein the instructions that cause the processor to control
delivery of electrical stimulation to a patient at a frequency
greater than the selected frequency further comprise mstruc-
tions that, when executed by the processor, cause the proces-
SOr to:

control continuous delivery of electrical stimulation to a

patient at a frequency greater than the selected fre-
quency.

36. The computer-readable storage medium of claim 26,
turther comprising 1nstructions that, when executed by the
processor, cause the processor to, responsive to the determi-
nation, control delivery of the additional electrical stimula-
tion at the frequency greater than the selected frequency.

37. A device comprising:

means for selecting a frequency within a gamma frequency

band;

means for delivering electrical stimulation at a frequency

greater than the selected frequency;

means for, 1n response to delivering the electrical stimula-

tion, measuring an amplitude of a rhythm 1n at least one
of the gamma frequency band and a beta frequency
band; and

means for determining whether the measured amplitude 1s

indicative of a desired gamma frequency band activity
having been re-1nduced, and based on whether the mea-
sured amplitude 1s indicative of the desired gamma fre-
quency band activity having been re-induced, determin-
ing whether to deliver additional electrical stimulation at
the frequency greater than the selected frequency.

38. The device of claim 37, wherein the gamma frequency
band comprises frequencies within a range of about 35 Hertz
to about 120 Hertz.

39. The device of claim 37, wherein the means for deliv-
ering electrical stimulation at a frequency greater than the

selected frequency comprises:
means for delivering electrical stimulation at a constant
pulse frequency within arange between about 1.05 times
to about 3 times the selected frequency.
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40. The device of claim 37, wherein the selected frequency
within the gamma frequency band 1s a first frequency, and
wherein the means for delivering electrical stimulation at the
frequency greater than the selected frequency to a patient
COmMprises:

means for delivering electrical stimulation at a second fre-

quency within a range between about 1.05 to about 3
times the selected frequency; and

at least one of means for sweeping the second frequency

downward toward the first frequency while delivering
clectrical stimulation and means for sweeping the sec-
ond frequency upward toward a third frequency within a
range between about 1.05 to about 3 times the selected
frequency.

41. The device of claim 40, wherein the means for sweep-
ing the second frequency downward or upward while deliv-
ering electrical stimulation comprises means for periodically
repeating sweeping the second frequency downward or
upward while delivering electrical stimulation.

42. The device of claim 40, wherein the means for sweep-
ing the second frequency downward or upward while deliv-
ering electrical stimulation comprises means for continu-
ously repeating sweeping the second frequency downward or
upward while delivering electrical stimulation.

43. The device of claim 40, wherein the means for sweep-
ing the second frequency downward or upward while deliv-
ering electrical stimulation comprises:
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means for delivering electrical stimulation at different fre-

quencies 1 one of a linear manner or non-linear manner.

44. The device of claim 37, wherein the measured ampli-
tude comprises a first biomarker of a patient, and wherein the
device further comprises:

means for, in response to delivering electrical stimulation,

monitoring at least one of a motor performance of the
patient and a second biomarker of the patient.

45. The device of claim 37, wherein the beta frequency
band has a frequency range between about 8 Hertz and about
35 Hertz, and wherein the device further comprises:

means for comparing the measured amplitude to a prede-

termined value; and

means for determining whether to deliver the additional

clectrical stimulation based on the comparison.

46. The device of claim 37, wherein the means for deliv-
ering electrical stimulation to a patient at a frequency greater
than the selected frequency comprises:

means for continuously delivering electrical stimulation to

a patient at a frequency greater than the selected ire-
quency.

4'7. The device of claim 37, further comprising means for,
responsive to the determination, delivering the additional
clectrical stimulation at the frequency greater than the
selected frequency.
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